Absfrocl-We report on a continuous time lull body stale estimator for a hexapod mbot operating in the dynamical @me (entailing a significant aerial phase) on level ground that combines a conventional rate gum with a novel leg strain based body pose estimator. We implement this estimation procedure on the robot RHex and evaluate its performance using a visual gmund truth measurement system. As an independent assessment of our estimator's quality we also compare its odometry performance to sensorless averaged open loop distance-per-stride estimates.
I. INTRODUCTION
The hexapod, RHex [I] , exhibits unprecedented mobility for a legged autonomous robot [Z] . Using an open loop feedfonuard control strategy, the machine runs at speeds exceeding five body lengths per second on even terrain [3] , and negotiates badly broken and unstable surfaces, as well as stairs [41-[61. In our initial studies with sensor based controllers we have observed significant behavioral improvement from even minimal feedback [7] , IS]. Theoretical and simulation evidence [SI suggests that the availability of full body state estimates as well as force interactions with the surrounding environment throughout the stance and aerial phases of locomotion, should confer considerably greater agility still.
Building a sensor suite that can deliver full body state information -six configuration coordinates together with their six time derivatives ~ at data rates relevant to motor control (-1kHz) remains a challenging problem in legged robotics because of the constraints upon onboard instrumentation combined with extreme xzariations in operating regime. The traditional inertial measurement unit (MU) for rigid bodies in flight typically lies out of the range of robotics applications because of its cost and excessive volume. Appropriately cheap and small IMU packages typically suffer severe drift and saturation. Moreover, while ballistic flight models are quite accurate, legged machines by definition spend a large fraction of their locomotion duty cycle in ground contact. There, the determination of an appropriate model is greatly complicated by the uncertainty in ground conditions (local terrain shape, slipperiness, and damping and compliance properties) and leg contacl conditions (wbicb legs are in stance).
Recently, we have introduced a novel leg-strain based full body pose estimator (hereafter referred to as the "leg pose sensor") for the tripod stance phase of a hexapedal robot [lo] . In that work we have demonstrated that a memoryless transformation built from (data driven phenomenological) models relating leg strain to configuration coupled with a conventional kinematic model of leg configuration to body pose can yield the six coordinates of body position and orientation when the robot's three legs are fixed in the n e ~niversity of Michigan Ann Arbor, Michigan, USA Email: {hkomsuog, kod}@umich.edu ground. In this paper, we join to the leg pose sensor a 3 degree of freedom (DOF) rate gyro to develop a very simple full body State estimator that operates continuously during flight, and touchdown and liftoff transients as well as during the full tripod stance phase of steady state hexapod dynamical running'. By this latter term we denote stable periodic legged locomotion with a significant aerial phase -25% of the complete stride for the '30 ing"
represents an important first step in a general full body state estimator wc are presently developing by combining accelerometers as well.
In walking pairs with no aerial phase, complete 6 DOF body pose in continuous time can be derived in principle from a purely kinematic model [I21 without velocity state estimation. In contrast, a robot operating in a jogging gait with significant aerial phase would seem to require full state estimation -both velocity and configuration information. In order to build such estimators, of course, the sensor suite must incorporate enough information to allow the reconsmction of full state from the record of past measuremenis filled in by some dynamical model. In the present paper we take a partial step toward this goal by combing gyro data with our leg strain data through a naive kinematic model. Roughly speaking, the gyro is used to augment the leg Sensor data during fligbt and the leg sensor is used to recalibrate the gyro that suffers the well known problems of saturation and drift in stance. Explicit dynamical modeling promises to be complicated since the physical robot acts as a lagrangian system with 36 different models depending on touchdown-sticwtouchdownslipniftoff conditions on each leg. Instead, we simplify that problem by usin three repeatedly successive models -tripod stance phase , aenal phase, and transient phase' -as a starting point to describe this jogging locomotion and to estimate full body state by models with partial true state obtained from leg sensor and gyro.
The idea of sensor fusion has widely spread into many different fields, and mobile robotics. typically wheel vehicles, is one of the stereo type -from algorithm [I31 or 'In this pre1imin;uy study, Io ea*< Ihc compaaliond load on the onhoard pmccs~o~. all gyro data has heen intepnwd omne and comhincd wilh lhc le: pose sensor on the hcnchiap. 2NoIc l h l hcxapcdal runnin: gaits need no1 entail an aerial phase Io he '8ynamicaP' in Ihc SCDSC of rcquiring careful management 01 kinccic energy to insure halance and slcady prognrs [ I I] Because of its relatively constrained kinematics (only one actuator for each of its six compliant legs), implementation of this scheme on RHex cannot capture changes in yaw. This limitation notwithstanding, we have shown that the leg amain sensor suite successfully delivers 5 DOF body pose data on RHex, not only in single tripod stance but also in continuous walking at rarious speeds 1231. However the absence of any yaw data, combined with the deleterious effects of toe slippage and the importance of aerial phase gaits in RHex's locomotion behavioral suite all lend strength to the motivation for adding more sensors. For example, even in steady walking gaits, this leg strain based body pose sensor cannot compute complete OdomeVy since the only way to tum RHex's body is to initiate toe slipping.
STATE
We now istrcduce a naive algorithm for combining the leg pose sensor (providing intermittent continuous time information about body configuration during stance) with rate gyro based body attitude measurements to yield body state with respect to an inertial frame located at the initiation of the robot's motion that we take to he the world coordinates which we express usin:: the homogeneous matrix representation as interval as(i+l) of thenext shide, C(i+l). We conceive of the liftoff and touchdown intervals, Q L ( i ) , Q T ( i ) as "transients" because they typically exhibit complex sequences of successive leg contacts that reveal little consistent Dattern from run to run (or, often, even from stride to stnde, Our algurithm for comhinmg rate gyro w i t h k g poie sensor d a u a,sumes perfcxt intorinJtinn a h w i U liirli ohase interval the robot is undereoine at everv instant bf time. In our implementation , ;he &cia1 leg contact information required to detect the onset and termination of each of these phases of a stride may he gleaned directly from the individual leg strain sensors. We further assume the existence of a continuously available gyro integrator output signal that delivers the 3 DOF body attitude data throughout the entirety of the each stride at the same rate as the body pose sensor. In this work we follow Skaff et al 1201 and implement an integrator operating at the same 300 Hz rate as our leg pose sensor system. For purposes of presentation, we will find it convenient sometimes to refer to the integrator output signal in the form of a rotation matrix, R,(t). relating the body orientation to an inertial frame, and sometimes to use the three Euler angles -pitch, ag(t), roll, & ( t ) , and yaw Generally, one expects that accumulated integration error will gradually degrade the body orientation signal delivered by the gyro system. In contrast, while it is only active during the tripod stance interval, @s(i), the leg pose system performs a memoryless kinematic transformation of its data, including all translational and rotational (except yaw) components (I) with a fixed accuracy bound, hence no possibility for drift. Moreover, assuming level ground as we do. three of these stance pose components -pitch (CY), roll (p), and height ( r z ) -coincide with the inertial frame. The other components -lateral (r.) and forelaft (ry) translation and yaw (7) -are relative to the present stance frame only. Combining the favorable characteristics of the two different sensors, we treat rz, CY, and p as "memoryless" state which is reset during every tripod stance interval, @s(i). and while (unavoidably) treating r,, 3, and y as state relating to whole history because of absence of true positioning sensor like camera or GPS. Without data from other sensor source available, yaw, y ( t ) , is directly inherited from % ( t ) (i.e.y(t) = a ( t ) ) from gyro for all intervals.
With these assumptions and notation in place, the algoritbm can now be presented in sequence of intervals as follows. 
A. Body Stare during Tripod

HZ(i) := [ y ]
where ro := [rz(tl(i)) ry(tl(i)) OIT preserves the history of planar translation which can be extracted from
H w~( t l ( i ) )
according to the notation defined in (2). This homogeneous transformation, H f ( i ) , keeps a link for state required history information but gets rid of the memoryless state which can be obtained during this tripod stance interval6. , ( n ( t ) -y,(t) )) denotes the yaw correction required to maintain the rotation in the tripod coordinate system, T When the toes do not slip (i.e. yaw motion can also be correctly detected by leg pose sensor during tripod stance interval, R7 = 0, the tripod coordinate system ,Z is a fixed inertial frame in the ground, and the COM translation between any instant t and touchdown moment tl(i) derived from (3) can he transformed without assistance of yaw data from other sensor suite to world coordinates by a simple geometry relation as we have explained in the leg pose sensor discussion of the previous section. In general, with toe slippage, the transformation back to world coordinates requires a complementary sensor suite to provide information regarding yaw rotation and rotation center at every instant. While yaw can be provided by the gyro, T y ( t ) , it is difficult to detect the rotation center without any toe force sensor. Thus we simply assume this rotation motion with respect to COM yields the computation shown in (3).
The COM translation in lateral (.,".E (t)) and in fore/aft
( r H B B ( t ) )
directions with respect to COM location at 1 .
imtial tripod touchdown moment, t l ( i ) , can be extracted from H B B ( t ) shown in (3) by the notation defined in (2). The COM rertical translation ( r y B ( t ) ) is directly extracted from H T B ( t ) ( 1 ) because, as we have mentioned above, it preserves non-drifting absolute height to the level round The rotation matrix, RS(t), is constructed as R'(t) = ' k ( a~( t ) , O i ( t ) . y y ( t ) )
combining the leg pose sensor's pitch and roll data with the gyro's yaw data as explained above. In summary, the homogeneous transformation, HtvB(t). relating the body coordinate system to world coordinates during tripod stance interval, as, is 
with respect to the initial liftoff time, t z ( i ) , as rL(t) = i;(t2(i)) (t -t z ( i ) ) where t E [ t z ( i ) t 3 ( i ) ] .
In contrast, there is a direct gym reading for orientation during the transient periods, and, after reinitializing the rate gyro integrator with the leg pose sensor's orientation data at end of stance, we simply adopt the gyro's integrated signal via the rotation matrix, Rlg7, RI, := Ri(t2(i))Rg(t2(i))-' at liftoff time t z ( i ) which indicates the last instant with the availability of two rotation matrices from both sensors, R,(t) and Rl(t)8. The "relation" pitch (aR'g(t)) and roll ( p R ' v ( t ) ) between Rg(t) and Rl(t) can be extracted from Rl, by inverting the kinematic relationship [24] , which allows us to construct the correct "recalibration" rotation matrix, R L without resetting yaw motion defined as & := R ( a r P~~( t ) , p n~* ( t ) , O ) , Thus, with the "reset" initial homogeneous transformation matrix, where r ( t 2 ( i ) )
is obtained according to the notation shown in (2), the homogeneous transformation, Hws(t), relating the body coordinate system to world coordinates during liftoff transient interval, @L, can be expressed as
C. Body Stare during Aerialflighr, Qa
Translation trajectories during aerial phase, Q a ( i ) arc predicted using the standard ballistic flight model, resulting in the COM translation at any instant, 1, with respect to
the initial liftoff time, t 3 ( i ) , as r"(t) = r b ( t z ( i ) ) (tt 3 ( i ) ) + (1/2) G,(t -t3(i))' where 1 E [ t 3 ( i ) 1 4 ( i ) ]
and G = [0 0 -g] with gravity constant. g. Similar to the procedure in liftoff transients, with the newly defined "reset" initial homogeneous transformation matrix defined 
IV. EXPERIMENTAL RESULTS
A. Performance Comparison of Pitch and Ro// between Algorithm and Direct Gyri Integrator
To assess performance improvements resulting from the combination of leg pose with the rate gyro, we have run the robot RHex under the Ground T~t h Measurement System (GTMS) -the independent visual ground m t h measurement system introduced in [lo] and detailed in ''Ibis mlaiian matrix, Rtg(t). is eonstant and effective during the whole 'hon-uipd intervals" l t t l t z(i)tsci)l) hecausc of rigid M y locomotion.
'Comparing IO the standard mcthod which U S~S pitch and mll a1 liftoff p i n 1 as initial condilian t b n IO iacpratc, this 'klaion matin" mcthod is hcrtcr in OUT situation hecause of thf availability of Rq(t) with respec1 to initial point as wcll 8s saving thc cxtm campulaion time. 
IRMS ERKORIGTMS NOISE FLOOR) RATIO
[12], whose noise floor statistics are listed relative to robot body state coordinates in Table I . This yields a comparison in pitch and roll between the raw gyro sensor and the combination leg-gyro sensor proposed in Section III. The steadily increasing drift of the raw gyro signal (plotted as a magenta dotted line) becomes visibly apparent over the 4m run recorded in Figure 3 -particularly in pitch. Note, due to the limited size of the GTMS arena ( 1 . h x 0.9m), the initial three quarters of this vial takes place outside its field of view, hence, the GTMS trace (green solid line) for pitch and roll only appears in this figure from roughly t > 7.5s.
In contrast, the leg-gyro combination sensor (blue dashdotted line) maintains visibly better correspondence with the GTMS. We also quantify performance by presenting the standard root mean squared (RMS) error, given by ~(p,p):=J(IIP~Pll:lnr) where p represents the state from GTMS; J? denotes the same state from output of the algorithm, and iZ.1 is the length of the data. Table Il lists the sfatistical results (mean and standard deviation from 10 experimental data) of RMS error between each state from both sources to that from GTMS, as well as 6 -the ratio of this RMS error to the noise floor of GTMS , Smaller RMS Errors coordinated with validation checking from the ratio, 6, indicate sensor combination scheme improves the performance. We suspect that the difference in magnitude of drift between the raw gyro pitch and roll data should be attributed IO intrinsic sensor inconsistencies because we have confirmed they are working within a similar operating range with respect to angular rate, angular acceleration, and jerk.
B. Performance of the Full Body State Estimator
We now evaluate the performance of the body state estimation algorithm implemented on RHex [I] , which is equipped with custom-designed leg pose sensor [lo] and commercial 3 DOF rate gyro. Because the noise introduced differentiating the GTMS measurements is so severe, we are not able to check velocity estimates, and we limit our performance evaluation to assessing the quality of the onboard estimator's six position outputs relative to those recorded by the GTMS -the lateral (rz). fore-aft ( T~) . and vertical (rJ components of COM translation as well as pitch (a), roll (0) . and yaw (7) -all in world coordinates, W. Figure 4 plots computation, which can also be quantified by E, the ratio of RMS error of each state to the noise floor of GTMS introduced in Section IV-A, as well as by C, the ratio of RMS error of translational state to the robot length (SOcm). The orientation components exhibit good performance as evidenced by &values well under the GTMS noise floor. In contrast, translation state components during non-uipod intervals that are estimated using the purely predictive naive constant-speed and ballistic models exhibit relatively worse performance due to model error, especially in the fore-aft ( r y ) and lateral (rz) directions which depends on this cumhined \en\or system outperfurms by il factor of Ihrec the altcrnatiw icn,orIe\F "average di\tance per m d e " esumnte.
Combining the leg pose sensor snd gyro data significantly ameliorates the nccumularing integrator dnft a w v ioted with a gyro alone. On the other hand, wthoul gyro's cnmplementan dtta supplements, the leg pohe \en\or a h ? The present early \enion uf tht, \en\nr ccinthinatinn algonthnt seem not yet to de,ene the "senwr fusion" designation hecause i t mates only heumtic use in an intuitive manner o f prior knowledge regarding u,hich senwrs p rform capnbly under uh3l circumstances In an) care. our prewnt harduwe \uite. still missing the accclcrometer bnnk traditiondly associated with an ISIU, doem't beem to yet have enough s e n w inputs to huppon a "full ,ensor fusion" algorithm that uould comhine t u o s t r of independently u,orklng sensors usin$ SI~USIICS about their respcctiw accurncies to drive iiii syyropri;~e itoch:tstic d)nantical mndel.
Work ut progress on H e x i s addresmg the need fnr 3 re;tson;ihly high pertomiance acceleromctx hmk. and we hopc to repun on the pcrlumrnnce ttnpruvetnents that result frum an expanded wnwr). wite ;ilorig ut111 a rutisticall) informed estimator that uses it.
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